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Superconducting circuits are exceptionally flexible, enabling many different devices from sensors
to quantum computers. Separately, epitaxial semiconductor devices such as spin qubits in silicon
offer more limited device variation but extraordinary quantum properties for a solid-state system. It
might be possible to merge the two approaches, making single-crystal superconducting devices out
of a semiconductor by utilizing the latest atomistic fabrication techniques. Here we propose super-
conducting devices made from precision hole-doped regions within a silicon (or germanium) single
crystal. We analyze the properties of this superconducting semiconductor and show that practical
superconducting wires, Josephson tunnel junctions or weak links, superconducting quantum inter-
ference devices (SQUIDs), and qubits are feasible. This work motivates the pursuit of “bottom-up”
superconductivity for improved or fundamentally different technology and physics.
The Nb/AlOx/Nb (or Al/AlOx/Al) Josephson junc-
tion (JJ) has become almost ubiquitous for supercon-
ducting (SC) applications such as magnetometers [1],
voltage standards [2, 3], logic [4], and qubits [5]. This
follows a long history of development beginning in force
with the IBM Josephson digital computer program dur-
ing the 1970’s [6], which pioneered the tunneling JJ tech-
nology (mostly based on Pb-alloy tunnel junctions, the
critical current spread and the instability of the Pb lim-
ited its applicability). Nb-based tunnel junctions such as
Nb/Al-AlOx/Nb [7] and Nb/AlOx/Nb [8, 9] proved to be
more reliable and stable and have become the material of
choice in many traditional SC devices while Al/AlOx/Al
junctions are typically preferred for quantum computing
at milli-Kelvin operating temperatures.
But heterogeneous devices such as these can pose prob-
lems, especially for low-power or quantum applications,
where losses in or at the interfaces of the various ma-
terials (e.g, surface oxides on the superconductor, JJ
insulator, substrate, interlayer dielectrics) can limit de-
vice quality dramatically. Possible solutions include bet-
ter materials [10–12], weak-link junctions [13], symme-
try protection [14], or 3D cavity qubits [15]. Here we
consider an alternative approach: atomically-precise [16],
hole-doped SC silicon [17] (or germanium [18]) JJ devices
and qubits made entirely out of the same crystal. Like
the Si spin qubit, our super-semi [19] JJ devices exist in-
side the “vacuum” [20, 21] of ultra-pure silicon, far away
from any dirty interfaces. We predict the possibility of
SC wires, JJs, and qubits, calculate their critical param-
eters, and find that most known SC qubits should be
realizable. This approach may enable better devices and
exotic SC circuits as well as a new physical testbed for
superconductivity.
Our proposal builds off of experimental progress in
three different areas. First, the list of SC materials
has expanded to include doped covalent semiconductors
[22], particularly Si [17, 23] and Ge [18, 24]. Extremely
high doping rates (of acceptors) above the equilibrium
solubility were achieved by gas-immersion laser doping
(GILD) or ion implantation and annealing, and SC was
observed in these high density hole systems. Second,
rapid progress in precise and high-density doping (of
donors) in Si [16] and Ge [25] utilizing atomic layer dop-
ing and scanning tunneling microscope (STM) lithogra-
phy has opened a new world of possible semiconductor
devices, including single dopant qubits [26], single-atom-
wide wires [27], and even vertically-stacked 3D nanode-
vices [28–30]. These same techniques should be appli-
cable to acceptor incorporation. Finally, SC and Si/Ge
qubits are widely considered to be leading candidates for
fault-tolerant quantum computing (QC); yet both have
negatives that combination may improve. For example,
coherence times in isotopically enriched and chemically
purified Si can reach seconds [20], while SC qubits offer
a huge range of design-space due to their macroscopic
nature. Motivated by these results, we consider the fol-
lowing questions: What are the relevant properties of
hole-doped SC “wires” in Si? What is required to create
properly-placed, hole-doped SC Si Josephson junctions?
And if such fabrication requirements are plausible, would
such devices be of interest for qubits or other JJ circuits?
The answers to these questions are not obvious a priori
given this unusual SC semiconductor system.
RESULTS
Superconductivity in silicon
By doping a semiconductor or an insulator above the
metal-insulator-transition density, it has been expected
that the host material turns into a superconductor [19].
Superconductivity has been observed in many such ma-
terials. (See Ref. [22] and [31] for reviews.) Particu-
larly, superconductivity in hole-doped, group-IV mate-
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2TABLE I. Superconductivity in hole-doped group IV materials and conventional metals. Only the parameters observed or
estimated in the references cited were shown. All are type II superconductors except for Al and Pb. For type II superconductors,
Hc is upper critical field for doped semiconductors, and lower critical field for Nb.
material nh(cm
−3) Tc(K) Hc(T) ξ0(nm) ξ(nm) λL(nm) λ(nm)
C:B [32] 4.6×1021 4 3.4 - 10 - -
C:B [34] 8.4×1021 11.4 10.8 - 5.51 - -
Si:B [35] 4×1021 0.6 0.1 1000 - 60 -
Si:B a 4×1021 0.6 0.1 1300 57 36 650
Si:Ga [23]b 1×1022c 7 9.4 - 6 - 3700
Ge:Ga [18] 4.3×1020 0.45 0.3 - 33 - ∼ 105
Al [39] - 1.18 0.01 1,300-1,600 - 16-50 -
Pb [39] - 7.20 0.08 51-96 - 39-63 -
Nb [39] - 9.3 0.2 38 - 39 -
a estimated values in the main text.
b The SC region is at the interface between Si and SiO2.
c peak Ga density
rials have been found in diamond [32], silicon [17], and
germanium [18]. Various methods, such as high-pressure
high-temperature(HPHT) treatments [32] and growth us-
ing chemical vapor deposition (CVD) [33, 34] for C:B,
GILD [17, 35, 36] for Si:B, ion implantation and anneal-
ing for Si:Ga [23, 37] and Ge:Ga [18, 24, 38], were used
to achieve very high hole densities required for super-
conductivity. Table I summarizes the superconducting
parameters of the hole-doped group IV materials includ-
ing those calculated here. They are compared with the
conventional metal superconductors.
Superconductivity in silicon was first reported in
Ref. [17], by heavily doping a Si layer with boron (B)
(above its equilibrium solubility in Si, 6 × 1020cm−3).
This led to the very high hole density of nh ' 5 ×
1021cm−3 and superconductivity was observed below
Tc ' 0.35K, although the SC Si layer (thickness ' 35nm)
was inhomogeneous with long tails in the superconduct-
ing and diamagnetic transitions. Later experiments [35]
with much more homogeneous samples (thickness ' 80-
90nm) allowed systematic measurements of the depen-
dence of the superconductivity on system parameters,
such as the density and the external magnetic field. The
highest Tc '0.6K was observed for the B density cB '8
at.%. (1 at.% means 1% of Si atoms are replaced with
B atoms, which corresponds to 5×1020cm−3.) and the
minimum B density cc for superconductivity was cc '2
at.%. The critical field Hc2 for cB=8 at.% was mea-
sured to be 0.1T. The experimental results agree well
with the conventional Bardeen-Cooper-Schrieffer (BCS)
theory [40] for superconductors of type II.
We estimate the characteristic parameters of this su-
perconductor for cB=8 at.%. The observed critical tem-
perature Tc=0.6K corresponds to a zero temperature
energy gap ∆(0)=1.76kBTc=91µeV. The characteristic
lengths in an ideal (pure and local) SC and the more real-
istic effective values from Ginzburg-Landau (GL) theory
have the following relations [41]:
ξ(T )
ξ0
=
pi
2
√
3
Hc(0)
Hc(T )
λL(0)
λ(T )
(1)
λ(T ) = λL(T )
(
1 +
ξ0/l
J(0, T )
)1/2
(2)
where ξ0 (ξ) is the BCS (GL) coherence length and λL
(λ) is the London (effective) penetration depth, respec-
tively. l is the mean free path and J(R, T ) is a func-
tion of length R and the temperature T defined by BCS
[40]. Using Hc2(0)=Φ0/2piξ
2(0) with Hc2(0)=0.1T where
Φ0=h/2e is the flux quantum, we obtain the GL co-
herence length ξ(0) '57nm. The London penetration
depth can be calculated as λL(0)=
√
mh/µ0e2nh '36nm
with the hole density nh ' 4 × 1021cm3 and the heavy
hole effective mass mh ' 0.5me with me being the
bare electron mass. Since the system with l ' 3nm
( ξ, λ) is in the dirty limit, using equations (1) and
(2), we obtain ξ0=12ξ
2(0)/pi2l '1300nm and λ(0) '
λL(0) (ξ0/l)
1/2 '650nm. The GL parameter κ = λ/ξ '
11 is consistent with type II superconductivity. These
characteristic lengths are comparable to conventional
metallic superconductors.
Superconducting devices in silicon such as JJs, super-
conducting quantum interference devices (SQUIDs), and
SC qubits could be constructed out of hole-doped regions
within the crystal. The doping method (GILD) used
for demonstrating the highest Tc SC Si crystals so far
[35] may not be suitable for the epitaxially-encapsulated,
nano-scale devices envisioned here. Another method pro-
vides an alternative route: STM lithography has been
used to precisely implant P dopants in Si. STM lithog-
raphy is a new technique that allows atomically precise
doping of semiconductors. We will briefly summarize
the steps of P doping in Si. A Si (001) surface with
3(b) (c) (d)(a)
FIG. 1. Hole-doped SC silicon. (a), A specific region inside a single Si crystal, far from any noisy interfaces or surfaces,
is hole-doped to sufficient acceptor density to go superconducting. The hole cloud, depicted by the orange region, has a larger
extent than the lithographically doped region due to finite spread of the hole wave function. (b-d), Hole density as a function
of the number of total monolayers N totl of the doped region for different layer-doping-rates rD= 5, 10, 15, 20, 25 at.% from
bottom to top. Every layer (b), every other layer (c), and every 3rd layer (d) is doped. The critical temperature Tc is shown on
the right side of each plot. The blue dashed line indicates the density nh = 4×1021cm−3 corresponding to the highest observed
Tc=0.6K for boron in silicon.
2×1 reconstruction (dimerization) is prepared and ter-
minated with hydrogen resist. An STM tip is used to
selectively remove some of the hydrogen atoms on the
surface [42] (either across broad swaths of the crystal
surface or down to single hydrogen atoms), exposing re-
gions of unmasked silicon atoms. A phosphine (PH3) gas
is introduced, which bonds selectively to the exposed sil-
icon sites. At least three adjacent desorbed dimers are
needed for a P to replace a surface Si atom. A phos-
phine molecule is chemisorbed to a dimer, dissociating
into PH2+H at room temperature. Further annealing at
350◦ allows recombination/dissociation processes result-
ing in a P atom incorporated into the top Si layer ejecting
a Si atom [16]. In this way, P atoms were then incorpo-
rated into the exposed regions (via atomic layer doping),
with positioning accuracy to one lattice site [43]. The
resulting 1D or 2D impurity sheet could reach very high
doping rate, up to 1 in every 4 Si atoms being replaced
with a P atom [27]. It is not necessary to use an STM
tip for the hydrogen desorption step, other lithographic
techniques may be possible. This process can be repeated
to make stacked δ-doped layers as was demonstrated in
Ge [28, 29] and Si [30].
Superconducting wires
The SC Si:B realized by GILD was in a 2D layer with
a thickness of tens of nanometers. For SC circuits and
JJ applications, forming SC wires will be essential. We
consider the use of atomic layer doping and STM lithog-
raphy to dope B (or other acceptor) atoms into the Si
crystal to achieve the very high hole density necessary
for SC wires. Since this approach achieved a P density
much higher than the B density reached in SC Si doped
by GILD, higher hole doping rates may be possible (hence
possibly higher critical temperatures) together with ex-
tremely fine control on the position and size of the SC
region. Figure 1a shows a Si crystal doped with acceptor
atoms. The lithographic region has length L, width W
and depth D. We assume that every k-th layer is doped
with doping rate of rD. If Nl monolayers are doped, the
depth D=(a/4)(Nl − 1)k and the total number of mono-
layers in the lithographic region is N totl =(Nl − 1)k + 1.
The total number of B dopants ND is given by
ND =
(
W
b
+ 1
)(
L
b
+ 1
)
rDNl, (3)
where b=a/
√
2=3.84A˚, with a=5.43A˚ being the lattice
constant of Si. To estimate hole density, we have to take
into account the finite range of the holes [27]. For the P
impurities with Bohr radius 2.5nm, the effective electron
density region has a diameter dB ranging from 1 to 2 nm.
An isolated B impurity in Si has a Bohr radius of 1.6nm
[44], and we choose dB=1nm. Assuming all B dopants
are activated, the hole density nh is given by
nh =
ND
(W + dB) (L+ dB) (D + dB)
. (4)
For W and L much larger than dB, it is simplified as
nh=(rDNl/b
2)/[(a/4)(Nl − 1)k + dB]. If the B density
in a layer could reach the same level as the P in Si
(∼25 at.%), the hole density of a single doped layer is
1.7×1021cm−3, which is above the critical hole density
for superconductivity. In this case, using the experimen-
tally observed density-dependence of the critical temper-
ature, Tc=C (cB/cc − 1)0.5 with C ' 0.35 [35], we ob-
tain Tc ∼ 0.3K, but actual critical temperature could be
lower than this due to the thin layer geometry [45]. The
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FIG. 2. Super-semi JJs and SQUID geometries. Exam-
ples of JJ devices that can be constructed inside the semicon-
ductor are shown. Wire-figures depict the extent of the hole
wave function. (a), Superconducting tunnel junction (STJ)
with overlapping area A separated by distance d. (b), Weak
link JJ with overlapping SC layers. Critical current is deter-
mined by the bridge of cross section Awl and length d, while
the capacitance is determined by the overlap area A and dis-
tance d. This geometry is suitable when a large overlap area
A (small charging energy EC) is required. (c), Weak link
Josephson junction in a variable thickness bridge geometry
(or STJ with no link), suitable if large A is not necessary.
(d), SQUID circuit.
maximum hole density is achieved for a thick doped re-
gion (D  dB) with every layer being doped (k=1). For
rD=25 at.%, nh=1/ab
2=1.25 × 1022cm−3 (a few times
more than the highest density obtained by laser doping),
we get a maximum Tc ' 1.2K, which is comparable to
the critical temperature of aluminium (Al). Although
this could be possible if all the assumptions here are sat-
isfied, to be more realistic all our calculations below will
be for Tc=0.6K which has been experimentally realized.
Figures 1b to 1d show the hole density as a function
of depth D when every layer (k=1), every other layer
(k=2), or every third layer (k=3) is doped, respectively,
for different doping rate rD. The highest observed Tc of
0.6K for Si:B should be reasonable for applications, e.g.
quantum devices based on Al with Tc ∼ 1K start to have
problems due to quasiparticles at T ∼ 200mK, and the
requirements for classical applications such as photon de-
tectors are much less restrictive. To reach the Tc=0.6K,
we need at least three doped layers if each layer is max-
imally doped (25 at.%.) for k = 1, corresponding to the
minimum depth of the lithographic layerD=a/2=0.27nm
and the hole layer D+dB=1.27nm. The density strongly
depends on the depth for small D (i.e. small Nl) and
saturates to 4rD/(kab
2) for large D. For thin SC wires,
a cross section area larger than 103nm3 is preferable (i.e.
W,D >∼ 30nm) to prevent quantum phase slips [46].
Josephson junctions
Josephson junctions are an essential ingredient for
many SC applications. Now we describe how one might
FIG. 3. Tunneling resistance Rn as a function of the
barrier width d. Hole density is nh=4×1021cm−3, and bar-
rier height Vb is, from top to bottom, Vb=2.6, 2.4, 2.2, 2.0,
1.9 eV. The dotted blue line indicates a tunneling resistance
corresponding to Vb=2.4eV and d=3nm.
realize a JJ made of this Si:B superconductor. We will
consider two types of JJ: the superconducting tunnel
junction (STJ, Fig. 2a) and the weak-link [47] JJ (Figs.
2b and 2c). They are different in the way two supercon-
ductors are connected. A STJ consists of two supercon-
ducting electrodes divided by a tunneling barrier such as
an insulating layer, while in weak-link JJs the two SCs are
connected by a superconducting or metallic bridge. Tra-
ditionally, the STJ has been widely used due to its easier
fabrication with a AlOx barrier and its well-defined non-
linear current-phase relation. Weak-link junctions could
be a good alternative especially in applications requiring
high Josephson critical current and/or small size junction
areas.
Two energy scales that characterize a JJ are the charg-
ing energy EC=(2e)
2/2CJ for junction capacitance CJ
and the junction energy EJ=~Ic/2e where Ic is the crit-
ical current (maximum DC Josephson current). For the
capacitance CJ=εrε0A/d with εr ' 12 for Si, the charg-
ing energy is given by EC=3.0eV·nm×d/A. For the STJ,
the critical current and the normal resistance Rn has a
relation [48] IcRn=(pi∆)/(2e) tanh(∆/2kBT ), which re-
duces to IcRn=pi∆(0)/2e at zero temperature. Here Rn
is the resistance of the junction in the normal state. The
above relation holds true for the weak link near T=Tc,
but at T=0, IcRn=1.32pi∆(0)/2e in the dirty limit [49].
The junction energy at zero temperature then is EJ=0.29
eV·Ω×(1/Rn) for the STJ and 0.39eV·Ω×(1/Rn) for the
weak link.
The normal resistance Rn has a simple form ρnd/Awl
for a weak link where ρn=10
3Ω · nm [35]. To esti-
mate the normal resistance Rn of the tunnel JJ, we as-
sumed a square potential barrier of width d and height
Vb=Eg/2 + εF where Eg is the energy gap of Si and εF is
the Fermi energy of the holes for a given density. Then
5the tunneling conductance G per unit area is given by
G
A
=
mhe
2
2pi2~3
∫ εF
0
dεzT (εz) , (5)
where T (εz) is the transmission coefficient,
T (εz) =
4εz (Vb − εz)
4εz (Vb − εz) + V 2b sinh2 κd
, (6)
and κ=
√
(Vb − εz) 2mh/~2. Tunneling resistance
Rn=1/G. We numerically calculated the tunneling re-
sistance assuming the hole effective mass mh=0.5me and
obtained Rn ' 104e5.6d/A[Ω] with d in unit of nm and
A in unit of nm2, for barrier height of Vb=Eg/2 + εF '
2.4eV where Eg is the energy gap of Si and εF is the Fermi
energy of holes. Actually, the Fermi energy obtained by
using the effective mass at low density is overestimated
than the actual Fermi energy of high density holes [50],
but the barrier height Vb and shape could be significantly
modified, e.g., by a spatially well separated heavily-doped
region acting as a metallic gate. Therefore the resistance
is tunable to a great extent. Figure 3 gives the tunneling
resistance as a function of the barrier width, for different
barrier heights. It clearly shows that Rn is proportional
to eαd/A for some constant α. By tuning the barrier
height, e.g. by lowering it, we can significantly relax the
requirement on the necessary thinness of the barrier. If
d <∼ 3nm was needed to obtain large enough tunneling
current for Vb=Eg/2 + εF ' 2.4eV, we would need d <∼
7nm for Vb=1.9eV.
To overcome thermal fluctuations, the junction energy
must be much larger than the temperature. In practice,
EJ >∼ 5kBT ≈ 4.3µeV for 10 mK. The barrier distance d
of the STJ then must satisfy d <∼ 3nm for A=1µm2. The
junction area A cannot be much smaller since then the
distance d would need to be very small, but an external
gate which could also be built of a separate doped region
can control the tunneling barrier height and shape relax-
ing the restrictions at the cost of more complication in
device design. A large junction area would be more eas-
ily implemented in the overlapping geometry of Fig. 2a,
given that doping a thin layer with large area is proba-
bly easier than doping a small but thick region with STM
lithography. For the weak link, on the other hand, the
required condition is Awl/d >∼ 0.01nm which could be
easily satisfied, and the junction energy is independent
of the total junction area A. Hence both Figs. 2b and 2c
would be possible.
If we want to avoid hysteresis in the I − V curve
as is usually required for dc SQUID application,
we need an overdamped JJ and the junction qual-
ity factor Q=ωpRCJ must be smaller than 1, where
ωp=
√
2ECEJ/~ is the plasma frequency of the JJ. R is
of order of Rn for the weak link and R ∼ Rne∆/kBT
for the STJ. For the STJ to satisfy Q < 1, typically a
(a)
(b) (c)
AJ AdJ
d
VG
VG
CJ, LJ
Cg
I CJ, LJ
FIG. 4. Superconducting qubit circuits. (a), Example
charge qubit made of tunnel junctions. One tunneling junc-
tion (AJ, dJ) acts as the JJ and the other (A, d) acts as just
a capacitor by choosing different parameters. (b), Equivalent
circuit diagram of a. (c), Circuit diagram for phase qubit
(current biased JJ), suitable for weak-link JJ.
shunting resistance would be necessary to reduce the to-
tal resistance since R is very large for an isolated tun-
nel junction (one would want to avoid this for quan-
tum applications). Alternatively, SC-Insulator-Normal
metal-Insulator-SC (SINIS) type junctions [51] may be
advantageous for achieving an overdamped JJ. For the
weak link, Q=5.5×10−3√A/Awl and for Awl=100nm2,
A < 3.3µm2, allowing much smaller size than the STJ.
For a SQUID application such as shown in Fig. 2d, ad-
ditional conditions should be satisfied to avoid magnetic
hysteresis: βm=2LIc/Φ0 < 1 where L is the inductance
of the SQUID loop. STJs can easily satisfy this since the
critical current is small, but a fairly large loop would be
needed due to the large junction area A ' 1µm2 required
to overcome the thermal fluctuations as discussed above.
On the other hand, weak link JJs open up the possi-
bility of a nanoscale SQUID. For a square loop of area
1µm× 1µm, the geometrical inductance L is ∼ 3 pH for
wire diameter of a few tens of nm, assuming the relative
permeability of doped Si is 1 like most nonmagnetic met-
als. Then βm < 1 translates into Awl/d < 2 × 103nm.
Typical values Awl ' 100nm2 and d ' 10nm would
be suitable for a nano-SQUID. Compared to the nano-
SQUID based on the metallic SC bridges [52], we could
get much shorter weak links due to the much higher pre-
cision of STM lithography over e-beam lithography, al-
lowing one to reach the short link limit with highly non-
linear inductance and larger modulation depth in critical
current.
Qubits
Finally we consider the possibility of SC qubits in Si:B.
The requirements on JJ parameters for qubits are differ-
ent from the conditions for e.g. SQUID discussed in the
6previous section. We will consider the core SC qubits—
charge, phase, and flux—to estimate relevant parameters,
noting that more complicated designs would relax the re-
strictions on the parameters significantly. A charge qubit
is a single Cooper pair box connected to a Josephson
junction where the two discrete low energy levels form
a logical qubit space. Usually, a gate voltage is applied
to tune the system to be in a sweet spot to reduce the
effects of the charge noise, but in this case its known sen-
sitivity to charge noise might make a good probe of the
charge environment of this system. Figure 4a shows a
possible geometry for a charge qubit and Fig. 4b is the
equivalent circuit diagram. By choosing different geome-
tries for the two tunnel junctions e.g. dJ <∼ 3nm and d >∼
10nm, the left junction can have large enough JJ energy
to act as a JJ, while the right junction has negligible JJ
energy and can be considered as a simple capacitor with
capacitance Cg. The charge qubit is operated in a regime
kBT  EJ ∼ EC  ∆ where EC is now the total charg-
ing energy EC=(2e)
2/2(CJ + Cg). Assuming T=10 mK,
a JJ with dJ=2.5nm means that AJ should be ' 1µm2.
The charging energy EC=3.0 eV·nm ×1/(AJ/dJ + A/d)
with dJ=2.5nm and AJ=1µm
2 constrains the geometry
of the capacitor A/d  3.1× 106nm. So we can choose,
e.g., A ∼ 106nm2 and d ∼20nm.
High JJ critical current makes the phase qubit a good
choice for the weak-link JJ. Figure 4c shows a circuit
diagram for a simple phase qubit. A phase qubit operates
in a regime with kBT  EC  EJ, which translates into
d/A 3× 10−7nm−1 and AAwl/d2  7.7× 103nm2. A
reasonable set of parameters would be, e.g., d ∼ 10nm,
Awl ∼ 100nm2, and A ∼ 106nm2. For the flux qubit,
the simplest model is a loop with a JJ (rf-SQUID loop)
coupled to an externally supplied flux. The flux qubit
operates usually with LJ <∼ L, where LJ=Φ0/2piIc. The
loop inductance is relatively quite small compared to LJ
for the typical geometries we have considered so far. This
restriction can be lifted by using, e.g., a three JJ loop
[53, 54]. More advanced qubits such as the transmon
qubit [55] are realizable by incorporating a big capacitor
in the system, which is straight-forward. In that case, the
JJ can have a small junction area A and both geometries
in Figs. 2b and 2c could be used.
DISCUSSION
Our proposal is promising for new types of JJ devices.
The noise environment of buried dopant layers has been
reported to be quite low [56], which is motivating for
quantum applications, but obviously not sufficient. Fab-
rication requirements, as envisioned, have already been
realized in the Si:P or Ge:P systems. Many JJ device and
qubit geometries are possible beyond what are considered
here, which may further reduce fabrication needs; lattice-
site precision of impurities is not a fundamental require-
ment. An assumption in this work is the plausibility of
acceptor placement with atomic-layer doping and STM
lithography. B is currently being pursued in this context,
but it is unproven whether the chemistry of adsorption
and incorporation (e.g., of B2H6) will work in a simi-
lar manner as PH3, nor whether the same densities can
be achieved (1 in 4 atoms/ML). We have accounted for
this by considering lower densities per monolayer. Quick
B diffusion and clumping may limit further thermal an-
neal budgets, but this problem has already been over-
come with low-temperature MBE [57]. Local strain due
to the strong B bonds is almost certainly present, but
does not effect the epitaxial nature of the crystal [17].
As potentially better dopant alternatives, Al (AlH3) or
Ga (GaH3) for both Si and Ge should be pursued, as well
as more advanced chemistry and surface preparation ap-
proaches for STM lithography and doping (e.g., BCl3 is
used in GILD, so Cl might be considered instead of H).
The extension of the hole cloud (∼ 1nm) would limit
the sharpness of the SC region and hole density would
drop to zero over this length. Since it is much smaller
than the SC coherence length, the entire hole cloud is
expected to be superconducting due to the proximity ef-
fect. One of the advantages of this single crystal device
could be that there would be no Schottky barrier between
heavily-doped (metallic) region and lightly-doped (semi-
conducting) region, and no interface states are expected
in the interface between doped and undoped regions.
Stacked multilayer designs of electron doped Si devices
were already demonstrated experimentally [30]. A sec-
ond doped layer was grown on top of a nanowire capped
by undoped Si of 50 ∼ 120 nm thick. The whole device
was grown epitaxillay. The rather large separation be-
tween two doped layers in the experiment was needed to
obtain smoother surface for the STM lithography of the
top layer and also to get enough separation so that the
top layer works as a metallic gate. On the contrary, we
need the hole wavefunctions to overlap between layers for
the 3D SC region. Thus we need much smaller separation
between layers, and this could be a challenge. In fact, Ge
may offer significant benefits over Si for JJ devices. Ge’s
clean surfaces and lower thermal requirements for good
epitaxial growth [28, 29] may allow for more and bet-
ter 3D doped-layers as compared to Si (where the limits
of epitaxial growth are more likely to result in surface
roughness), with less diffusion due to thermal activation
anneals.
It is unclear what Tc’s are possible in pure Ge (or Si)
with other acceptors (Tc’s of up to 7K [23] have been re-
ported in Si:Ga/SiO2 interface structures and even higher
for diamond, and numerical simulation [50] suggests Al
can lead to a higher critical temperature than B in Si).
We have focused on Si due to the greater amount of ex-
perimental data versus density to guide our device pro-
posals. Theory does not preclude electron-doped SC
semiconductors [19, 50], but experimental efforts have
7so far shown no evidence [45].
The AlOx-based tunneling JJ has been very successful
in many applications over the years, and other materi-
als and different structures have also been studied for
various devices [58]. Building SC devices inside a semi-
conductor proposed here gives several advantages over
conventional approaches. The availability of ultra-pure
28Si with less than 50 ppm 29Si [59] and the atomically
precise positioning of dopants by STM lithography can
help suppress the subgap states due to impurities in the
JJ which is one of the main decoherence channels of SC
qubits. Flux noise is another possible source of decoher-
ence for the SQUID [60], phase qubit [61, 62], and flux
qubit [63, 64]. It was suggested that the flux noise comes
from the fluctuating spins at interfaces and surfaces of
the device[65, 66]. Hyperfine interaction was proposed
as a possible mechanism for the relaxation of the sur-
face spins [67]. The lack of nuclear spin in enriched Si
at the surface, the separation of the active device re-
gion from the surface, and the single crystal structure
of the whole device should help significantly reduce the
flux noise. The epitaxially grown barrier in this proposal
should also reduce any potential two-level fluctuators, as
was shown for a crystalline Al2O3 barrier [68–70]. In
the Al/Al2O3/Al junctions, the critical current density
showed a wider variation than amorphous AlOx barri-
ers. A qubit can be designed to be tolerable to these
variations in junction critical current, but it involves a
more complicated structure [71]. For precisely positioned
Si:B/Si/Si:B junctions, we expect less variations in sys-
tem parameters for identically designed devices; barrier
quality would be less important for weak-link JJs. Fur-
ther, the devices can be constructed well below the sur-
face of the semiconductor, away from oxide interfaces
which typically cause loss. The quality of the supercon-
ducting semiconductor itself is a new concern, and a good
early experiment would be to determine the loss of such a
device (e.g. via a cavity Q). Intriguing in these systems is
the possibility of dissipation/quasiparticle engineering by
manipulating the disorder of the implanted impurities.
Since the SC properties depend on the hole density,
material parameters can be tuned with additional gates,
allowing for a tunable SC-Normal Metal-SC (SNS) JJ
[72]. In that case, the proximity effect will play an im-
portant role and needs to be fully taken into account,
a topic also of interest in Majorana physics. In addi-
tion to these potentially improved material properties,
STM lithography is suitable for small devices such as the
nano-SQUID and allows for arbitrary 3D device designs
for different types of qubits, detectors, circuits, etc.
Progress in “bottom-up” fabrication techniques, such
as STM lithography, have increased the space of devices
worth pursuing. Our work further motivates the investi-
gation of acceptor doping via precision techniques, be-
yond the context of single acceptor qubits [73] or for
nanoscale but classical electronic devices. Successful
demonstration of such proposed physics could enable not
only the devices suggested in this work, but offer an
atomically-configurable testbed for the nature and lim-
its of semiconductor superconductivity (via, e.g., isotope
variation, density, disorder, phonon, strain, and so on),
for Tc engineering, as well as for new devices such as 3D
SC device geometries, top-gated tunable JJs, or topolog-
ical qubits [74].
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